Eftedal I, Ljubkovic M, Flatberg A, Jørgensen A, Brubakk AO, Dujic Z. Acute and potentially persistent effects of scuba diving on the blood transcriptome of experienced divers. Physiol Genomics 45: 965-972, 2013. First published August 20, 2013 doi:10.1152/physiolgenomics.00164.2012.-During scuba diving, the circulatory system is stressed by an elevated partial pressure of oxygen while the diver is submerged and by decompression-induced gas bubbles on ascent to the surface. This diving-induced stress may trigger decompression illness, but the majority of dives are asymptomatic. In this study we have mapped divers' blood transcriptomes with the aim of identifying genes, biological pathways, and cell types perturbed by the physiological stress in asymptomatic scuba diving. Ten experienced divers abstained from diving for Ͼ2 wk before performing a 3-day series of daily dives to 18 m depth for 47 min while breathing compressed air. Blood for microarray analysis was collected before and immediately after the first and last dives, and 10 matched nondivers provided controls for predive stationary transcriptomes. MetaCore GeneGo analysis of the predive samples identified stationary upregulation of genes associated with apoptosis, inflammation, and innate immune responses in the divers, most significantly involving genes in the TNFR1 pathway of caspase-dependent apoptosis, HSP60/HSP70 signaling via TLR4, and NF-B-mediated transcription. Diving caused pronounced shifts in transcription patterns characteristic of specific leukocytes, with downregulation of genes expressed by CD8ϩ T lymphocytes and NK cells and upregulation of genes expressed by neutrophils, monocytes, and macrophages. Antioxidant genes were upregulated. Similar transient responses were observed after the first and last dive. The results indicate that sublethal oxidative stress elicits the myeloid innate immune system in scuba diving and that extensive diving may cause persistent change in pathways controlling apoptosis, inflammation, and innate immune responses.
acclimatization; apoptosis; diving; inflammation; innate immunity; oxidative stress ACROSS THE GLOBE, MILLIONS of people are involved in diving for both professional and recreational purposes, enabled by the development of the self-contained underwater breathing apparatus (scuba) in the 1940s. Scuba allows divers to venture deeper and to spend more time under water than is possible during breath-hold diving, owing to the supply of breathing gas at a pressure equal to that of the surrounding water. The safety of scuba diving has been greatly advanced though development of better equipment and diving procedures. However, diving is associated with the risk of decompression illness (DCI), a condition that comprises a plethora of symptoms ranging from minor pain to neurological manifestations, cardiac collapse, and death (49) . Our knowledge of the processes that distinguish DCI development from normal physiological responses to the underwater hyperbaric environment is still incomplete.
Prior studies have shown that even in the absence of DCI, scuba diving is associated with acute reduction of vascular endothelial function (6) . Scuba diving triggers proinflammatory development in blood, with increased expression of adhesion molecules, activation of coagulation, and elevated amounts of circulating microparticles (22, 42, 45, 46) . Such responses are triggered by oxidative stress and play important roles in upholding physiological homeostasis. However, when the oxidative stress becomes severe, redox homeostasis may be disrupted and the responses become maladaptive, possibly accelerating DCI development. The elevated partial pressure of oxygen (PO 2 ) at depth and the vascular gas bubbles formed during ascent to the surface (decompression) are major contributors to oxidative stress and proinflammatory development after diving. High PO 2 accentuates oxidative stress and promotes inflammation via redox and oxygen-sensitive transcription factors (3, 14, 31, 41, 44) . Inflammatory reactions to vascular gas bubbles have also been observed, and the severity of these reactions increases with increasingly stressful decompression (47, 51) .
Whereas acute pathophysiological responses to diving in the circulatory system are documented, less is known about potential persistent changes over time in the circulatory system of healthy divers. It is an open question whether repetitive diving raises the risk of DCI via accumulated oxidative stress or provides protection through acclimatization (12, 37) . There are indications that extensive asymptomatic diving alters the expression of inflammatory and antioxidant factors. In a study in which one or more daily scuba dives were performed over a period of 2 mo, increased blood levels of interleukin 8 (IL-8) and lipocalin, as well as a reduction in secretory leukocyte protease inhibitor, were observed at the end of the study (16) . These results suggested a low-grade balanced activation of proand anti-inflammatory factors. Such activation may protect the circulatory homeostasis during diving; in line with this notion animal studies have indicated that repeated bouts of stressful hyperbaric exposure reduce the risk of morbidity after subsequent exposures (10, 34) .
Transcriptomics is a useful tool for mapping of the biological basis of physiological responses. Using transcriptomics, we have previously shown that the rat aorta responds to simulated diving by activation of target genes for redox and oxygen-sensitive transcription factors such as hypoxia induc-ible factor 1-␣ and NF-B (14) . In human studies there are obvious limitations to the types of biological material that are available, but peripheral blood is accessible and suited for microarray-based transcriptome analysis. Blood interacts with all parts of the body, and previous studies have concluded that the blood transcriptome can be viewed as "an accessible window into the multiorgan transcriptome" (24, 33) . Because diving activates the processes of inflammation and coagulation, blood transcriptomics is biologically relevant.
The aim of this study was to identify genes, biological pathways, and blood cell types that are perturbed by asymptomatic scuba diving. The study was performed in two steps: the first was to identify potentially persistent effects of extensive diving. For this, stationary blood transcriptomes from experienced divers were compared with those of matched nondivers. The second step was to identify acute effects of one single and several successive dives. For this, blood transcriptome changes were analyzed after one and three air scuba dives to a depth of 18 meters of seawater (msw). Circulating vascular bubbles, endothelial nitric oxide production, and vascular function after these dives have previously been published (32) . To our knowledge this is the first report that describes the effects of diving on the expression of the human genome, and the results will enhance our understanding of the physiological responses to the underwater hyperbaric environment.
METHODS
Ethical approval. All procedures were approved by the Norwegian Regional Committee for Medical and Health Research Ethics and the Ethics Committee of the University of Split School of Medicine. They were conducted in compliance with the Declaration of Helsinki ethical principles for human experimentation. Participation was based on individual informed consent. All subjects held a valid medical certificate for diving and were provided with Divers Alert Network Europe divers insurance for 1 yr from the beginning of the study.
Study and control groups. The study group consisted of 10 certified and experienced male divers, with diving experience ranging from 4 to 25 yr, a mean age of 40.3 Ϯ 2.6 yr, height of 1.8 Ϯ 0.1 m, and a body weight of 93.6 Ϯ 11.1 kg. An equal sized group of male nondivers matched for age, weight, and general physical fitness were included as a control group for gene expression. All participants were healthy nonsmokers. At the start of the study, the divers had abstained from diving for a minimum of 2 wk. All participants had abstained from caffeine for Ͼ12 h and from strenuous exercise for Ͼ48 h before blood collection. Prior to each dive, the participants had a light breakfast consisting of low-fat food, but otherwise their diet was not controlled during the study. The number of individuals in the study groups is in compliance with recommended sample sizes for optimal strength in microarray gene expression analysis when two groups are compared (39) .
Diving. The diving was performed at a site near Split in Croatia, with surface and bottom water temperatures of 20 Ϯ 3°C and 16 Ϯ 1°C, respectively. The site was reached by a 10 min boat ride from the on-shore diving facility. The participating divers followed the same routine, with single scuba dives while breathing compressed air on 3 consecutive days. The divers descended to a depth of 18 msw, stayed at that depth for 47 min while performing light physical exercise, and then ascended to the surface at a linear rate of 9 m per min. All dives were performed at the same time of day to minimize the effects of circadian variation on gene expression patterns.
Blood samples. Blood samples for analysis were taken from all the divers and matched nondiving controls. Venous blood (2.5 ml) was drawn into PAXgene tubes (PreAnalytix, Hombrechtikon, Switzerland) before dives and again immediately after the return to shore by boat. All the samples were collected into a single batch of tubes by the same technician to minimize technical variation in the microarray data induced by sample handling. Samples were kept frozen during transport to the laboratory facility and were stored at Ϫ80°C prior to RNA extraction.
RNA preparation. RNA from full blood was isolated using the PAXgene Blood RNA kit version 2 (PreAnalytix). The RNA concentration and quality were determined on a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE) and an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA). The RNA integrity number values of samples used for cRNA amplification ranged from 7.4 to 9.4.
Microarray analysis. The Illumina TotalPrep RNA amplification Kit (Ambion, Austin, TX) was used to amplify RNA for hybridization. The first-strand cDNA was synthesized by reverse transcription. Following second-strand cDNA replication and purification and in vitro transcription of cRNA, the gene expression profiles were measured using Illumina human HT-12 v4 Expression BeadChips (Illumina, San Diego, CA), which provides genome-wide expression analysis of Ͼ47,000 transcripts. One predive sample (diver no. 1) and one nondiving control sample had inadequate cDNA concentrations and were excluded from microarray analysis.
Identification of differentially expressed transcripts, pathway enrichment analysis, and the predicted involvement of cell types. The Illumina Genome Studio program, version 1.7.0, was used for background subtraction, and microarray data were exported into the R software for statistical computing (http://www.r-project.org/) using the lumi Bioconductor package version 1.1.0 (13). All signal intensity values Ͻ0 were set to 0 prior to log2 transformation. Intersample differences were normalized by quantile transformation. Probes with a detection P value outside the 0.01 threshold in more than half of the samples were excluded from further analysis. An exploratory analysis was then performed, with multilevel partial least squares (PLS) regression (48) . The purpose of this analysis was to identify sensible choices for blocking structure in the subsequent differential testing and to obtain a global visualization of sample relations. The Rlimma package version 3.14.4 was used to evaluate the significance of differences in change of expression between the nondivers and experienced divers with a moderated t-statistic (43) . We estimated the difference in gene expression caused by diving by a moderated paired t-test using each individual dive as blocking structure. In all tests, significance was decided by requiring a false discovery adjusted P value of Ͻ0.05. We generated the acute gene list by requiring probes to be significantly differentially expressed in diving and not present in the test between divers and nondivers. Conversely, a stationary gene list was generated from probes that were significant in the diverversus-nondiver contrast and that were not differentially expressed after diving. Additional functional evaluation of gene lists was performed with MetaCore GeneGo software from Thomson Reuters, release 6.13 (New York, NY). Pathway enrichment analysis was performed on the gene lists and ranked by a hypergeometric distribution where the P value represents the probability of a particular pathway occurring by chance in the gene list compared with a background, which in this analysis was chosen to be all probes present on the Illumina HT12 chip. Analysis of tissue-specific coexpression patterns in the acute gene list was done using the TopFunn module of the TopGene Suite software (Division of Biomedical Informatics, Cincinnati Children's Hospital Medical Center, Cincinnati, OH) (9) . This analysis predicts the involvement of tissues and cell types based on the observed differential gene expression patterns.
Database submission of microarray data. The microarray data were submitted to the EMBL-EBI ArrayExpress repository (http:// www.ebi.ac.uk/arrayexpress/) according to MIAME standards. The ArrayExpress accession code is E-MTAB-1179.
RESULTS
Data for differentially expressed transcripts and their associated biological pathways and blood cell types are provided in the online data supplement.
1 Decompression-induced vascular bubbles, vascular function, and blood nitrite concentrations in these dives were previously reported by Marinovic et al. (32) . In brief, both venous and arterial bubbles were observed after decompression. There was an insignificant trend toward reduced vascular function after each dive, but there were no differences in bubble loads or vascular function between successive dives. There were no changes in blood nitrite after diving. No symptoms of decompression illness were reported.
Differential expression in the stationary blood transcriptomes of experienced divers. Stationary blood transcriptomes from experienced divers were compared with those of nondivers to identify potentially persistent effects of prior diving. This revealed differential expression of 2,531 transcripts with 1,806 transcripts upregulated and 724 transcripts downregulated in the divers. A heat map of the most significant differentially expressed genes is shown in Fig. 1 , and the top biological pathways associated with differential gene expression are shown in Table 1 . Nineteen genes in the tumor necrosis factor receptor superfamily member 1A (TNFR1) apoptotic signaling pathway were differentially expressed in the divers (Fig. 2 and online data supplement), including those for the proinflammatory cytokine TNF-␣, TNFR1-associated death domain protein (TRADD), and Fas-associated death domain protein (FADD), all of which were upregulated. In response to TNF-␣ signaling via TNFR1, TRADD recruits FADD into a complex that further activates the apoptotic caspase cascade and initiates transcription via activator protein 1 (AP-1) and NF-B (4). Three initiator caspases (CASP2, 8, and 9) as well as AP-1, NF-B genes NF-B2 and RelB and the NF-B modulators 1 The online version of this article contains supplemental material. 24  20  21  22  19  23  25  4  9  7  7  28  8  6  6  2  2  3  3  9  10  10  27  1  8  5  5   SGK1  PHIP  SMG7  GLB1  ITGA5  CLEC12A  MLEC  CORO1C  SAFB  SPECC1L  GAPVD1  P2RY13  MPZL1  TPK1  LINC00294  PRSS30P  MTR  Hs.46689  SCML1  SAMD1  CA2  DOCK5  ATP6V1C1  DHTKD1  TESK2  TLR10  TBC1D9  KBTBD7  KLF4  TAMM41  ISOC1  BTLA  ANKRD28  MEGF6  TRIM33  ARMCX6  ZC3H12A  VCL  NFE2L1  GAA  TNS3  TRPM6  SLC25A19  FAM193A  NFKB2  GBA2  RUFY1  TTLL12  TFCP2  PHB   4 −2 2 Fig. 1 . Heat map visualization of mRNA levels for the top 50 differentially expressed genes in the stationary blood transcriptomes of divers (n ϭ 10) compared with those of nondivers (n ϭ 9). The columns show individual samples, whereas the rows show genes. Predive data from the first and last study dive are included for nine divers (divers 2-10), whereas data from the last dive only is shown for diver 1. Data from both study dives cluster adjacently for most individual divers (7 out of 9), indicating that gene expression levels were similar prior to the 1st and last dive.
IKK-␥ and I-B were upregulated, as were the NF-B target genes IL-1␤, IL-8, and CD86. The expression of the receptor TNFR1, which transmits TNF-␣ signaling across the cellular membrane, was insignificantly increased in the divers prior to the study dives.
In the CD28 signaling pathway, genes for transcription factors AP-1 and nuclear factor of activated T cells (NFATC1 and NFATC2) were upregulated. These transcription factors function synergistically to balance immune reactions in activated lymphocytes (30) . Genes for the small Rho GTPases RhoA, Rac1, and CDC42 were also upregulated. These GTPases are involved in a multitude of intracellular signaling pathways, explaining the involvement of regulation of EIF4F activity, Flt3 signaling, antiapoptotic action of gastrin, and VEGF signaling in Table 1 (8). Most pertinently, small GTPases regulate and coordinate innate immune responses and induction of NF-B-mediated transcription (5). Other upregulated genes included those for toll-like receptor 4 (TLR4) and its associated lymphocyte antigen 96 (MD-2) (Fig. 2) . The heat shock proteins HSP60 and HSP70 activate inflammatory signaling via TLR4 and small GTPases and participate in regulation of major histocompatibility complex MHC I and II function (25) ; the HSP60, HSP70, and HLA-B (MHC I), HLA-DPB1, and HLA-DQAI (MHC II) genes were all upregulated.
Acute blood transcriptome changes after scuba diving. Comparing the divers' pre-and postdive blood transcriptomes in the first and last study dives identified the genes, cell types, and biological pathways that were acutely affected by scuba diving. The numbers of differentially expressed transcripts were not the same in both dives; 395 transcripts were affected in the first and 1,537 in the last dive, but they gave similar results in for the most significantly associated pathways in the MetaCore GeneGo analysis. Altogether, there were 1,570 differentially expressed transcripts, of which 630 were upregulated and 940 were downregulated after diving. Data from both dives were merged for further analysis.
Analysis of gene coexpression after diving revealed a highly significant shift in the expression patterns associated with specific leukocyte subtypes, with decreased expression of genes characteristic of cytotoxic T lymphocytes (CD8ϩ T cells) and natural killer cells (NK cells) and increased expression of genes from cells of myeloid origin, most significantly neutrophils, macrophages, and classical monocytes (Table 2 and online data supplement).
The top three biological pathways associated with the acute gene expression changes after diving are shown in Table 3 . The most significantly affected pathway was that of granzyme B apoptotic signaling. The initiating factors in this pathway, granzyme B (GZMB) and perforin (PRF1), were both downregulated after diving, and so were the genes for the pore- The top 50 pathways determined by MetaCore GeneGo pathway analysis are shown in the online data supplement. forming protein granulysin (GNLY) and granzymes A and H (GZMA and GZMH) (Fig. 3) . The median expression levels for these genes were similar before the first and third dives, indicating that the change was transient with transcription returning to predive levels between dives. Postdive expression levels were also similar, indicating that the divers responded equally in both dives. Granzymes, granulysin, and perforin constitute the cytotoxic entity of CD8ϩ T and NK cells. Among the genes that were most downregulated after diving were a number of CD8ϩ T and NK cell receptors: GPR56, CD160, killer cell immunoglobulin-like receptors (KIR2DL1, 2DL2, 2DL4, and KIR3DL1), and killer cell lectin-like receptors (KLRC3, D1, and F1) (2, 27, 40) .
In the granulocyte development pathway, there was upregulation of the genes for granulocyte colony stimulating receptor CSF3R and for the transcription factors C/EBP-alpha, PU.1, RAR-␣, STAT3, and STAT5, which orchestrate the development of neutrophils and monocytes during hematopoietic stem cell differentiation (18, 21) . Conversely, lymphocyte growth and activity are stimulated by transcriptional activation via calmodulin and catalytic calcineurin in the T cell receptor signaling pathway (11) , and both calmodulin and calcineurin were downregulated after diving.
As shown in Fig. 2 , more genes in the TNFR1 apoptotic pathway were differentially expressed after diving, in addition to those already affected in the divers' stationary transcriptomes. The TNFRSF1A gene was upregulated. Its product TNFR1 transmits TNF-␣ signals to the caspase/Bcl-2-dependent apoptotic pathway; in this pathway APAF-1 was upregulated and BCL-2 and DIABLO were downregulated. Also, genes coding for the antioxidant enzymes mitochondrial superoxide dismutase, glutathione peroxidase 4, and thioredoxin (SOD2, GPX4, TXN1) were upregulated after diving. The 20 most significant cell type associations and the differentially expressed genes in their signature overlaps are shown in the online data supplement. The top 50 pathways determined by MetaCore GeneGo pathway analysis are shown in the online data supplement. Fig. 3 . Acute effects of diving on the expression of granzyme A (GZMA), B (GZMB), and H (GZMH), granulysin (GNLY), and perforin (PRF1). Nondiver and diver predive stationary expression is shown as box plots; band, bars, and whiskers indicate median values, lower and upper quartiles, and min/max values, respectively. The arrows illustrate gene expression changes in the 1st and last study dive: the square ends are predive expression levels, whereas arrowheads indicate the direction and magnitude of change after diving. Due to exclusion of 1 predive sample (diver 1), only 9 arrows are shown for the 1st dive. The order of individual divers is the same in all panels.
DISCUSSION
This study identifies differences in the predive stationary blood transcriptomes of experienced divers compared with nondivers and shows that asymptomatic scuba diving causes further acute changes. The dive profile used is common in recreational diving; thus the results may be relevant to a large number of people. However, when interpreting the results one must consider that the measurements are limited to the transcriptional level and the potential involvement of biological pathways and cell types is predicted from the microarray data.
Persistent changes in pathways of apoptosis, inflammation, and immune responses in the blood transcriptomes of experienced divers. Genes associated with apoptosis, inflammation, and innate immune responses were differentially expressed in the divers' stationary blood transcriptomes ( Table 1) . Most of the significant associations were caused by upregulated transcription, as observed for the cytokines and heat shock proteins TNF-a, IL-1␤, IL-8, HSP60, and HSP70. Increased serum levels of IL-8 has previously been reported after extensive scuba diving (16) . The intracellular signaling pathways activated by TNF-␣ and HSP60/HSP70 via TNFR1 and toll-like receptors converge into NF-B-mediated transcription, which is essential in cellular stress responses (23) . De novo transcription is not required: NF-B is rapidly activated when its inhibitor I-B is degraded by IKK. However, in the divers there was stationary upregulation of NF-B subunits NF-B2 and RelB, as well as of I-B, the IKK-subunit IKK-␥, and the small GTPases RhoA, Rac1, and CDC42. The mRNAs for central factors that modulate transcription of NF-B target genes were thus present in higher amounts in the divers' blood, which could enhance the cellular capacity for responses to NF-B-activating signals. Similarly, the differential expression of initiator caspases and other genes in the TNFR1 signaling pathways could facilitate rapid induction of apoptosis. Thus, the most significantly affected genes and pathways in the divers' stationary transcriptomes indicate a cellular state of sustained alertness toward exogenous stress. This may be a persistent effect of extensive prior diving. However, we have no associated physiological markers that distinguish the divers from the nondiving controls, and it is unknown whether these changes affect the risk of DCI in later diving.
Blood transcriptome changes after scuba diving indicate sublethal oxidative stress, with suppression of lymphocyte activity and activation of the myeloid innate immune system. A pronounced shift in transcription indicates that the activity of CD8ϩ T cells and NK cells fell, whereas the activity of neutrophils, monocytes, and macrophages increased as a result of scuba diving ( Table 2 ). The most pronounced effect was the downregulation of genes involved in granule-dependent lymphocyte cytotoxicity (GZMA, GZMB, GZMH, GNLY, and PRF1). In these processes, proteolytic granzymes and granulysin delivered from cytotoxic cells via granule exocytosis cause activation of caspase-dependent apoptosis in stressed or pathogenic target cells (17, 28) . Together with the observed downregulation of CD8ϩ T and NK cell receptors, our results suggest that diving impeded lymphocyte function. T lymphocytes and NK cells are central players in both innate and adaptive immunity (50) , but they may lose their activity and enter apoptosis in response to reactive oxygen species (ROS) (1, 35) . In saturation divers, increased NK cell cytotoxicity has been observed after 2 days of exposure to heliox at 240 msw with a PO 2 of 35-70 kPa (26) . However, a single diver who developed high-pressure nervous syndrome primarily contributed this increase. Recent work has demonstrated that lymphocytes may not be essential in balanced physiological responses to oxidative stress; healthy cells exposed to low-level ROS selectively attract classical monocytes but not NK cells or other lymphocytes (20) . Upon attraction and activation, monocytes differentiate into macrophages and dendritic cells, which in turn mediate innate immune responses. Neutrophils are also activated by oxidative stress (29) . They are by far the most abundant type of human leukocytes, and their function is to instigate rapid innate responses of host defense against pathogens or exogenous stress. It is interesting to note that in our study, calmodulin and calcineurin, which activate lymphocyte transcription factors, were downregulated after diving, whereas transcription factors controlling neutrophil and monocyte/macrophage development were upregulated.
Diving caused differential expression in the Bcl-2 apoptotic pathway, including downregulation of BCL-2, in agreement with previous reports showing the involvement of the Bcl-2 protein family members in induction of apoptosis by hyperoxia and ROS (7, 19) . Upregulation of genes for antioxidant enzymes superoxide dismutase, glutathione peroxidase, and thioredoxin (SOD2, GPX4, and TXN1) was also observed. As part of the antioxidant defense system, these enzymes act in concert to catalyze the conversion of ROS into oxygen and water (36, 38) . Taken together, our observations suggest that the acute transcriptome changes after asymptomatic scuba diving were caused by augmented oxidative stress. Both elevated PO 2 (59 kPa in the bottom phase) and vascular bubbles [median venous bubble grade of 3 on the Eftedal/Brubakk scale (15)] could have led to increased exogenous ROS production and activation of innate immunity, and we cannot distinguish between the impacts of hyperoxia and bubbles in the present study. Similar transcriptome responses after one and three successive scuba dives. The two series of dives (the first and last in the study) affected similar biological pathways. As shown in Fig. 3 , genes involved in initiation of granule-mediated apoptosis were equally affected in both dives, with expression levels returning to predive values in the interval between the dives. Also, the heat map in Fig. 1 shows that the top 50 differentially expressed genes in the divers' stationary transcriptomes had similar expression levels before the first and last study dive for most divers. Multilevel PLS dimension reduction of the microarray dataset (Fig. 4) shows a dominant effect of the act of diving (before and after) over the contributions of the particular dive (dive 1 and dive 3) . We conclude that both dives produced comparable transient responses, consistent with the observations of Marinovic et al. (32) that vascular bubble grades, vascular function, and blood nitrite were similar in the first and third dives. However, three dives may be too few to induce significant acclimatization. Also, these analyses were conducted on blood from experienced divers whose transcriptomes were already different from those of the nondiving controls. Whether the responses of naïve divers would be the same is unknown.
Limitations
The study design and the analyses are both potential sources of errors. To identify the acute effects of diving we compared pre-and postdive data from the same group, so the results are unlikely to be affected by unacknowledged variance. However, to identify potentially persistent effects of diving we compared transcriptomes from different diving and nondiving individuals. The matching of divers and nondivers was carefully arranged, and the microarray data were checked prior to analysis (see METHODS), but we cannot rule out the possibility that the dietary status or other unacknowledged differences may have confounded the outcome of the analyses. However, in light of the highly significant association of the divers' stationary transcriptomes with signaling pathways activated by exogenous stress, we consider it likely that the results reflect genuine biology. As leukocytes are the nucleated components of blood, they are the primary source of RNA in this study. We therefore believe that the results reflect the effects of diving on leukocyte function. This is supported by the observation that the most significant pathways were associated with defined leukocyte subsets. We note that platelets, microparticles, and immature erythrocytes also contain RNA, and because platelets and microparticles are activated by scuba diving it is possible that they have contributed to the results (42, 45) .
Conclusions
In conclusion, asymptomatic scuba diving significantly affects the blood transcriptome. The acute effects identified in this study are characteristic of cellular responses to sublethal oxidative stress and indicate that scuba diving elicits the myeloid innate immune system by activating neutrophils, monocytes, and macrophages while suppressing lymphocyte activity. Persistent effects of diving were implied from stationary gene expression changes in pathways of apoptosis, inflammation, and innate immune responses in experienced divers. These persistent effects are novel findings, possibly indicating acclimatization to augmented oxidative stress. However, their potential influence on DCI risk remains to be determined.
